Purpose. The scientific work is aimed to: 1) study the indicators and criteria for evaluating the influence of human factor on failure-free operation of freight cars; 2) theoretically describe the probabilistic model of the human factor role during the maintenance and repair of freight cars according to technical state; 3) consider the model of situation development for the case of a critical defect of the freight car unit taking into account the human factor. Methodology. In order to achieve this purpose, the methodological approaches were considered: 1) to evaluation of the reliability indicators in the system «man -freight car» during maintenance and repair; 2) to evaluation of the level of traffic safety in case of transition from the existing system of maintenance and repair of freight cars to the system according to technical state. The model of the situation development for the case of a critical defect of the freight car unit with the consideration of the human factor was described. Findings. The approach to the evaluation of risk indicators of potential failures of freight cars is given. The probability of occurrence of negative events (risks) and possible economic damage from their manifestation were taken as the indicators. In the developed model of situation development for the case of a critical defect of the freight car unit with the consideration of the human factor, three possible states are shown: workable and limited workable, unworkable and emergency. Each initial state is characterized by the development of events, which is associated with designers` errors, with defects during manufacture of parts and units, with human factor. Originality. It is proposed to consider the value of the failure probability, which is related to the human factor, as a certain proportion of the overall probability of failure of the system «man -freight car». The interpretation of Harrington's desirability function for the case of application to freight cars is given. During maintenance and repair, it is suggested to introduce an indicator that characterizes the observance of the technology of use of maintenance services for freight cars, taking into account the human factor. Practical value. Based on the conducted research it is possible to evaluate the influence of the human factor on the maintenance and repair of freight cars. According to the developed model of situation development for the case of a critical defect it is possible to determine the critical level of the defect of the freight car unit taking into account the human factor to limit the risk of an accident or transport event.
Introduction
The main duties of the railway transport workers are the satisfaction of the requirements for the passengers and cargo transportation subject to unconditional compliance with traffic safety [9] .
Many scientific works are devoted to the improvement of designs, maintenance, repair technology and rolling stock diagnostics, which greatly affect the traffic safety [1, 3, 5, 15] . According to research data, the human factor significantly influences the traffic safety level [16, 18] .
The activities of railway transport workers, which are aimed at ensuring traffic safety in the system «man -freight car», are connected with mental and physical functions. At the same time, a man carries out his/her activities according to deterministic and random procedures or rules, instructions, technological schedule. In the first case, this activity is strictly regulated. In the second case, during the maintenance or repair process the occurrence of unexpected events is possible, for example, the deterioration of the natural environment. In some processes, such events predict and prepare the appropriate guiding activities [4, 6, 17] .
Mental work (intellectual activity) is associated with the reception and processing of information, and mainly requires concentration of attention, exertion of the sensory apparatus, memory, as well as the activation of thinking processes and emotions. The work of inspectors and mechanics during maintenance and repair requires increased responsibility and high nervous-emotional tension. Such work is recognized by the high degree of information dynamism, its volume, the lack of time to prepare and make the right decisions, the need to resolve the conflict situations that arise occasionally during the maintenance and repair of freight cars [8] .
The role of the human factor manifests itself in the influence on the process of training inspectors and mechanics for the maintenance and repair of freight cars (operation process) and in evaluating the results of its implementation. The human factor can be defined as a set of peculiar psychophysiological features that must be taken into account in order to exclude the causes of wrong actions [2, 11] .
The human factor that caused erroneous actions is not always due to the psychological and psychophysiological characteristics of a person and does not always correspond to the level of complexity of tasks or problems. Mistakes caused by a human factor, as a rule, occur unintentionally. A person performs actions that are regarded by he/she as the most appropriate or correct.
The reasons for the erroneous actions of a person can be classified in the following groups:
-limitations of information provision, absence or lack of information support; -mistakes caused by external factors; -errors caused by the physical and psychological state and human properties; -the limited resources of support and implementation of the taken decision; -emotional tension; -loss of attention that occurs when performing the necessary actions, especially in the event of unexpected equipment failure or a sudden change of situation.
It is necessary to improve the methods of facilitating the work of inspectors and mechanics and to take the necessary measures to reduce the human factor influence. For this purpose, it is necessary to develop a methodology for assessing the influence of the human factor on performing maintenance and repair.
Purpose
The scientific work is aimed to: 1) study the indicators and criteria for evaluating the influence of human factor on failure-free operation of freight cars; 2) theoretically describe the probabilistic model of the human factor role during the maintenance and repair of freight cars according to technical state; 3) consider the model of situation development for the case of a critical defect of the freight car unit taking into account the human factor.
Methodology
The main indicator of the reliability of work in the system «man -freight car» during the maintenance and repair is the probability that the time between failures will not exceed the given temporal restriction. It can be determined by the following expression:
where FP P and HF P -the value of the failure probability, which is determined by the reliability of the freight car and the influence of the human factor, respectively;
T -is the time of freight car operation to the first failure; t -is the period of time during which the failure probability of freight car is established.
The regularities of the dependencies of the failure probability FP P and HF P , when T is less or equal to t for the inspector or mechanic of the freight car, are determined by the biological nature of the human body, on the one hand, and the design, material properties and conditions of freight car operation -on the other.
During analysis of the reliability of the system «man-freight car», the research objects are different occasional events and values that influence respectively both the state of a person and the freight car. The typical failure rate function of the freight car is shown in Fig. 1 . One can distinguish in it three characteristic areas:
-from the beginning of operation to t1 -the time interval at which the failure rate function decreases as a result of design improvements of freight cars in the process of production tests, running of parts and units and other technical reasons; -t1-t2 -the time interval at which the failure rate function is practically constant and characterizes the stable operation of freight car;
-from t2 to the limiting state -the time of the failure rate increasing due to the physical wear of freight car. The human body, in accordance with the 1-st and 2-nd laws of thermodynamics of biological systems, is in a steady unbalanced thermodynamic state, unlike freight cars, which are always in an unstable unbalanced thermodynamic state. It is provided by human biorhythms throughout his/her work. In this regard, a person is periodically in workable and unworkable state. Researchers distinguish a daily alternation cycle of these states. As a result of loadings, after a change of workable state to unworkable one, a person needs rest for restoration.
The failure rate of freight cars due to the human factor during the workable period, consisting of erroneous solutions or actions, in the form almost coincides with the graph shown in Fig. 1 .
The work of the inspector or mechanic, as well as the freight car failure rate, can also be divided into three time intervals [7] :
-characterizes the period of operative adaptation of man to the working process after the rest; -characterizes the basic working process, during which it takes place a smooth, close to linear transition of person`s thermodynamic state from weakly to a highly unbalanced one; -characterizes a highly unbalanced thermodynamic state as a result of fatigue, in which the body loses its ability to work and goes to rest.
Graphically, daily changes in the failure rate of the inspector`s or mechanic`s body are shown in tW -work; tR -rest
One can see from the dependence ( Figure 2 ) that during the tW time in the work of the system «man -freight car» there is a change in the thermodynamic state of the body of inspector or mechanic from a weakly unbalanced at the beginning of work to a highly unbalanced one at the end of it. During the rest tR in the body of inspector or mechanic there is a complete restoration of its state, and from the beginning of the next day the processes are repeated. From the position of failure rate, the most favourable time of work in most cases is the work that begins in the morning, because before this, during sleep, usually the most complete restoration of all functions of the body occurs. However, the production processes associated with the maintenance of freight cars are around the clock, and inspectors and mechanics who carry out such maintenance tend to work double shifts. In this case the failure rate due to the human factor will correlate with the time of shift. Dependences of daily changes in the failure rate of inspector or mechanic, performing the freight car maintenance in the case of double-shift work, are shown in Fig. 3 . The work of inspectors and mechanics in night shift during the freight car maintenance is characterized by significant fatigue, which reaches the maximum value until the end of the shift.
As can be seen from the dependences shown in Fig. 3 , the first shift of work is characterized by the minimum failure rate function, the greater one falls to the second shift. The average ratio of the failure rate function is determined by the work conditions of inspector and mechanic, who carry out technical maintenance, technical parameters and operation conditions of freight cars [7, 19] .
The value of failure probability associated with the human factor ( HF P ) can be presented as a proportion of the overall failure probability of the system «man -freight car» in this form:
where HF k -is the significance coefficient the human factor affecting the reliability of the freight car during maintenance.
Failure indicators that have occurred under the influence of the human factor are almost the same as reliability indicators of freight cars. Here are the main ones:
-number of failures or violation of organizational and technological processes of freight cars maintenance, caused by negative events associated with the human factor; -the probability of failure or violation of the organizational and technological process of freight car maintenance at a time interval less than the predetermined P (T≤t) caused by a negative event associated with the human factor; -the failures rate or violation of organizational and technological processes of freight car maintenance due to the human factor; -time of restoration of the workable state or organizational and technological processes of freight car maintenance after the influence of negative factors that arose as a result of the human factor;
-failure rate function of freight cars caused by negative events related to human factor (number of failures per unit time);
-failure rate function of freight cars, which occurred under the influence of the human factor (the rate of failure per t/km).
In this case, to control the human factor, it is necessary to consider and account the following indicators:
-the probability of negative event associated with human factor potentially capable of causing a freight car failure;
-the probability that in the freight car failure the human factor will not be detected;
-the probability of erroneous attribution of the freight car failure to the human factor cause;
-costs for restoration of the workable state of freight car after the failures that occurred under the influence of human factor.
Let us give one of the possible approaches to evaluating the above-mentioned indicators of the risks of potential freight car failures. We take the probability of occurrence of negative events (risks) and possible economic loss from their manifestation as indicators. By risk, we mean the events identified as probabilistic (stochastic) factors of negative influence on freight cars, causing violations of the maintenance process, reducing the reliability and durability of the structural elements of freight cars, traffic safety, financial and economic losses of the railway.
The probability of risks of freight car failures may serve as a criterion for quantifying additional financial costs for their elimination. In the first approximation of the zone of qualitative risks assessment one can take the generalized Harrington`s desirability functions for the processes of freight car maintenance [12] . The Table 1 shows the interpretation of Harrington's desirability function for the case of application to freight cars. The quantitative assessment of the risk of potential freight car failures is now hampered by the lack of information on the costs necessary for their recovery. In the first stage, the assessment of economic losses can be determined expertly.
The maximum economic loss averaged by experts will be determined by the formula:
where і -is the certain number of freight car, і = 1, 2, 3 …; ij P -the probability of potential risk for the i-th freight car; j -number of risk type, j = 1, 2, 3 …; ij C -economic damage from the j-th number of the risk type for the i-th freight car.
We can also propose to assess the quality of indicator of the train traffic safety in the form of a coefficient, which will be determined by the ratio of the probability of freight car being in the working condition and the design probability of failurefree operation of freight car at the appropriate time interval [20] :
where DSI K -is the coefficient of decrease of traffic safety indicator (failure-free) О P -is the design probability of failure-free operation of a freight car.
In addition, during maintenance and repair, one can enter an indicator characterizing compliance with the technology of carrying out maintenance work for freight cars taking into account the human factor:
where i t -is the number of violations of the work technology of the i-th maintenance of the freight car; ki t -is the number of parameters and modes of technology, which is controlled during the works of i-th maintenance of freight car; n -is the number of maintenance of freight car.
Then, in order to compare the maintenance and repair of freight cars according to the available technology and technical state, it is possible to obtain an assessment as follows: (1 )
In the last expression, the indices exs and tc denote the existing maintenance and repair system and according to the technical state.
Then the coefficient (4), taking into account the expression (6), will have the following form: 
(1 )
The obtained expression allows assessing the traffic safety level during the transition to the system of maintenance and repair of freight cars according to the technical state [10] .
Findings
The available methods of forecasting the influence of the human factor during the analysis of the freight car reliability should include the following stages, which lie in [13, 14] :
-compilation of the lists of basic failures of freight car units; -compilation of technology works for inspectors and mechanics, and similarly for other involved employees;
-estimating the frequency of human errors during the execution of technological operations; -determining the effects of the frequency of human errors on the failure rate of the freight car units;
-developing recommendations and making the necessary changes in normative documentation.
The basic method, which takes into account the reliability of human work, can be set by constructing a probability tree (or results). The use of such a method involves some conditional probability associated with the successful or erroneous implementation of a particular technological operation by inspector or mechanic, or the probability associated with the occurrence of the relevant event. In this case, branches or links of the probability tree can represent the result of any event. It is possible to calculate the full probability of successful com- pletion of a certain task by summarizing certain probabilities that will be known for the end point of the path (in the case of a successful result) on the probability tree. In this method, one can consider the factors with some refinements, for example: stress caused by lack of time; a load that determines the need for decision-making and its implementation in different non-standard situations; emotional load, etc.
It should be noted that the application of this method can provide a good visibility, and the mathematical calculations associated with it are quite simple, which also leads to a decrease in the probability of errors that can occur in this case.
In addition, the given method allows us to assess the conditional probability of performance of maintenance and repair work, which otherwise can only be obtained on the basis of solutions of complex equations of undefined nature.
We give an example related to the task performance by inspector or mechanic for the maintenance and repair of freight cars according to the available technology x and the technical state у. It is known that an inspector or mechanic can perform the task correctly or incorrectly. That is, the tasks performed incorrectly are errors that appear in a particular situation.
In this case, one can construct a tree of possible finals and reach the definition of the overall probability of improper performance of the set task. Then it is necessary to take statically independent probabilities of the task performance x, y as the basis.
In the tree of possible results, it is necessary to provide the following designations related to: -probability of successful performance of the task (РS); -probability of non-performance of the task (РF); -successful performance of the task s; -non-performance of the set task f; -probability of successful performance of the set task х (Рх); -probability of successful performance of the set task у (Ру); -probability of non-performance of the set task х (Рfх); -probability of non-performance of the set task у (Рfy). According to the tree of possible results, the probability of successful performance of the set task will be equal to:
Similarly, it is possible to find the probability of non-performance of the set task, which will have the following form:
From the given formulas and the tree of possible solutions, one can conclude that the only way of successful performance of the complex maintenance and repair task is to perform successfully both tasks -the x and y. In addition, the above mentioned formulas show that for the probability of correct performance of the complex task there is a definition in the form () xy PP . The assessment of the work reliability, including the human factor (inspectors and mechanics), should be performed taking into account the factors associated with:
-the quality of teaching and practical training; -the availability of quality instructions that exclude misinterpretation;
-the ergonomics of work stations; -adequate work environment; -the degree of independence of the actions of inspector or mechanic;
-psychological stresses. It should be noted the need for human error databases to analyze and further forecast correctness of the maintenance and repair of freight cars with traffic safety compliance, as well as to prevent dangerous situations.
Such information bases are divided into categories:
-experimental data, including experimental results. However, despite the thoroughness of the formation of such databases, a subjectivity is inherent in them;
-operational data obtained in real operating conditions. Formation of such bases is difficult to implement, since registration of actions must be carried out in different conditions of freight cars` operation. Such databases are characterized by satisfactory results, better than the previous ones; -subjective data based on expert assessments. While creating such databases, one can do relatively small financial costs, and obtaining a large amount of information is possible from a small number of interviewed experts. To use subjective data in order to analyze the work reliability of inspector or mechanic one needs to bring into compliance:
-the required level of data accuracy; -the reliability of expert assessments. Subjective data should come from individuals who are highly skilled and able to cope with such work.
The main advantage of a database with subjective data is the multifaceted coverage of various parameters requiring availability of the information on errors.
We will construct a model of the situation development for the case of critical defect of the freight car unit taking into account the human factor, Fig. 4 At this, the types of technical states of freight cars are as follows:
W Then the border level of defect in the freight car unit 0 , taking into account the human factor with the limiting of the risk of accident or transport event at the railway, can be determined as follows:
where
PA -is the probability of transition of design, a freight car unit or a technology into a failure state of different gradation.
In this case, the failure probability due to human factor, in the case of improper actions of inspector or mechanic for the maintenance and repair of freight cars, are determined by expression (і = 1, n; j = 1, n; j ≠ i): 
Originality and practical value
The proposed value of the failure probability, which is related to the human factor, is considered as a certain share of the overall probability of failure of the system «man -freight car». For this purpose, the significance coefficient of the human factor that affects the freight car reliability during the maintenance is introduced. For a qualitative assessment of risks one can take an interpretation of the Harrington's desirability function for the processes of freight car maintenance.
During maintenance and repair, it is proposed to introduce an indicator characterizing compliance with the technology of performing maintenance works for freight cars taking into account the human factor.
According to the developed model of situation development for the case of a critical defect it is possible to determine the border level of deficiency of the freight car unit due to the human factor for limiting the risk of accident or traffic event.
Conclusions
The complexity of modern technical systems increases the probability of errors. The human factor is often interpreted and used during examination of the causes of accidents and transport events that have caused human losses or material damage. On the basis of the conducted research it is possible to estimate the influence of the human factor on the maintenance and repair of freight cars.
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